We compared 3-year achievement of an American Diabetes Association composite treatment goal (HbA 1c <7.0%, LDL cholesterol <100 mg/dL, and systolic blood pressure <130 mmHg) after 2 years of intensive lifestyle-medical management intervention, with and without Roux-en-Y gastric bypass, with one additional year of usual care.
Treatment of type 2 diabetes is aimed at reducing complications, particularly micro-and macrovascular disease. The best means of achieving this goal is expressed in a consensus statement of the American Diabetes Association (ADA), which recommends therapy to correct hyperglycemia, hypertension, and dyslipidemia (1) . In the U.S., achievement of this composite end point (HbA 1c ,7.0%, LDL cholesterol ,100 mg/dL, and systolic blood pressure [SBP] ,130 mmHg) has proven frustratingly difficult (2) (3) (4) . Bariatric surgery has been proposed as a strategy to better correct these metabolic disturbances and is thought to act through greater weight loss or altered gut function and hormone release.
Several small randomized trials have demonstrated improvement of glycemic control with addition of bariatric surgery to medical management (5) (6) (7) (8) (9) (10) (11) . Post hoc analysis from a long-term prospective study showed that bariatric surgery improved glycemic control but had less benefit on blood pressure and dyslipidemia (12) . The Diabetes Surgery Study (DSS) is the only randomized trial designed to study the effect of the Rouxen-Y gastric bypass (gastric bypass) on the ADA composite end point (glycemia, blood pressure, and lipidemia) in patients with type 2 diabetes. We previously reported that the gastric bypass was associated with 1-year and 2-year improvements in rates of achieving the composite end point, balanced by an increased number of nutritional abnormalities and adverse events associated with gastric bypass (8, 13) .
In this report we describe the interventions' effectiveness and risks 3 years after randomization. The study was designed to provide 2 years of intense lifestyle and medical management in all subjects with three additional years of observation while on usual medical care, so the results at 3 years reflect the first year of usual medical care after the first 2 study years. We had hypothesized that addition of gastric bypass to intense lifestyle and medical management would substantially improve the achievement of the ADA composite end point of metabolic control of type 2 diabetes. We also assessed potential baseline predictors of successful surgical outcomes in order to better inform patients about treatment alternatives.
RESEARCH DESIGN AND METHODS
This 5-year study is being conducted at the University of Minnesota, Columbia University Medical Center in New York, National Taiwan University Hospital and Min Sheng General Hospital (together referred to here as "Taiwan"), and the Mayo Clinic. Institutional Review Board approval and written informed consent from each patient were obtained at all sites. The study design calls for 2 years of intense behavioral and medical management in all subjects, followed by 3 additional years of follow-up in all subjects as they receive standard medical care.
The complete list of inclusion and exclusion criteria has been published (13) . Briefly, key inclusion criteria included HbA 1c $8.0% despite at least 6 months under a provider's care for type 2 diabetes, BMI 30.0-39.9 kg/m 2 , C-peptide .1.0 ng/mL, and stated willingness and ability to accept randomization and follow the full treatment protocol. Recruitment efforts have previously been described (14) .
The 2-year lifestyle intervention was based on protocols from two successful clinical trials: the Diabetes Prevention Program (DPP) and the Look AHEAD (Action for Health in Diabetes) study (15, 16) . Over the first 12 months the median number of lifestyle modules delivered was 32 for lifestyle-medical management intervention and 27 for gastric bypass. Between 12 and 24 months the median number of modules was five and seven for lifestyle-medical management intervention and gastric bypass, respectively. Visits with an endocrinologist occurred monthly for 6 months, then quarterly (or monthly if not at ADA treatment goal) for the next 6 months, and then quarterly through the second year. The intensive medical management protocol for both treatment groups aimed to optimize drug therapy to control hyperglycemia, cholesterol, and hypertension.
After 24 months, all study interventions ceased and patients returned to usual care with their primary physician. Each subject's primary physician received a letter describing the study, the subject's current status, medications, and goals of care. The primary physicians also received recommendations about medications and information about the need for nutritional supplementation as appropriate. The study coordinator contacted participants at 30 months to maintain their connection with the study and to obtain interim data on adverse events. Study endocrinologists evaluated patients during a clinic visit at 36 months but did not modify medications. The visit included a collection of blood pressure, weight, and waist circumference data and laboratory studies. Participants were encouraged to increase medication compliance, nutritional supplementation, and dietary control if adherence was deemed to be an issue.
Gastric bypass was laparoscopically performed in a standardized fashion with construction of a 20-mL lesser curvature gastric pouch and a 100-cm biliopancreatic limb. Study surgeons performed all postoperative surgical interventions (13, 17) .
The primary outcome was assessed at the 12-month visit. It was met if patients achieved the prespecified composite end point conforming to the ADA recommendations at the time of study inception (18): HbA 1c ,7.0%, LDL cholesterol ,100 mg/dL (to convert to millimoles per liter, multiply by 0.0259), and SBP ,130 mmHg. Secondary outcomes included durability of the triple end point and continuous measures of HbA1c, LDL cholesterol, and SBP, as well as weight loss, HDL, diastolic blood pressure (DBP), medication usage, and adverse events.
Full remission at the 3-year visit, as defined using the ADA consensus statement, required HbA 1c ,6.0% at 24 and 36 months, with no use of antihyperglycemic medication from 24 to 36 months (19) . Partial remission was defined as HbA 1c ,6.5% at both visits, without antihyperglycemic medication, and not meeting criteria for full remission (19) .
In reports of 1-year and 2-year outcomes, we presented all clinically important adverse events and all selected nutritional abnormalities. However, in the third year of the study, reduced visits and transfer of patients back to primary care meant that only data on serious adverse events were collected. Serious adverse events were defined using standard U.S. Food and Drug Administration criteria and include death, hospitalization, life-threatening complications, disability or permanent damage, the need for intervention to prevent permanent damage, and other important medical events.
Randomization was stratified by site, and clinical center personnel were masked to aggregated outcomes data. Details of the randomization process have been published (13) . Clinical personnel were provided with study-wide statistical summaries after each year's follow-up data were complete.
Except for exploration of potential predictors, all effectiveness analyses are done on an intention-to-treat basis, with multiple imputations used for missing data. One patient who died of pancreatic cancer after the 12-month visit is excluded from all effectiveness analyses. Directly observed data for all 120 patients are included in the analysis of adverse events and are reported on an as-treated basis. Potential predictors of 36-month outcomes were analyzed on an as-treated basis, using only directly observed data and excluding patients who crossed over after the first 6 months.
Multiple imputation was used to address the issue of missing data (20) . Data included in the multiple imputation were for the outcomes reported in Table  2 and the time points shown in Fig. 2A -D. All values reported in Table 2 (outcomes) were modeled together using PROC MI in SAS 9.3 (SAS Institute). Information on crossover was also included when developing imputed data. Forty imputations were done. Regressions were done separately for each of the 40 imputed datasets and then summarized using PROC MIANALYZE. The analysis of key outcomes was repeated on an astreated basis as validation and for sensitivity testing. Graphs indicating means and 95% CI are based on imputed data.
Dichotomous data were analyzed using logistic regressions stratified by site; continuous data were analyzed using linear regressions adjusted for site. Estimates of counts, means, and SDs were derived from the imputed database. SDs reflected estimated population variations and also variability associated with imputations.
For dichotomous variables, analyses of 36-month data were based on logistic regressions with the 36-month value as the outcome and the starting value as an adjusting variable. For continuous variables, the change from baseline was used as the outcome in linear regressions.
The relationship between 3-year weight loss and triple end point attainment was evaluated graphically on an as-treated basis. Loess curves with 95% CI were used to represent the proportion of triple end point successes in relation to percent weight loss. The graphical analysis was done in SAS 9.3, using PROC SGPLOT. The relationship between weight regain and 3-year HbA 1c was examined using multivariate linear regressions adjusted for site and variables related to glycemia only if they remained significant in multivariate regressions including weight loss.
We tested the difference in reported adverse event rates using a negative binomial model with an offset for personyears of exposure. Adverse events were examined on an as-treated basis, with adverse events attributed to the treatment group at the time of the event and with person-years of exposure allocated based on the timing of the crossover. SAS procedure GENMOD was used, with repeated measures within subject (necessary to correctly model crossovers and represent withinperson correlation). An adjustment by site was tested and removed to optimize overall model fit criteria. The P value was estimated using score statistics for type 3 general estimating equation analyses.
RESULTS
Between April 2008 and December 2011, 120 patients were randomized: 60 to lifestyle-medical management intervention and 60 to lifestyle-medical management intervention with gastric bypass (Fig. 1 ). Baseline characteristics (Table 1) were similar between groups except that insulin use was less in lifestyle-medical management patients (42%) versus gastric bypass (62%). In total, 1 lifestyle-medical management patient died, 13 of the 59 remaining lifestyle-medical management patients were lost to follow-up, and 5 of 60 gastric bypass patients were lost to follow-up. There were 10 crossovers through 36 months, including 8 participants randomized to lifestyle-medical management and 2 randomized to gastric bypass. One of the lifestyle-medical management participants who crossed over elected to undergo gastric bypass after 3 months; the others underwent surgery between the 12-month and 36-month visits. The two patients randomized to gastric bypass who crossed over declined surgery at the outset but received the lifestyle-medical management protocol.
At 36 months, 5 (9%) lifestyle-medical management participants and 17 (28%) gastric bypass participants achieved the composite triple end point (P , 0.001; odds ratio [OR] 4.0; 95% CI 1.3, 12.6) ( Table 2) . Success rates were down from their 12-month apex of 11 (19%) in lifestyle-medical management and 28 (49%) in gastric bypass participants and from the 24-month achievement rates of 8 (14%) in lifestyle-medical management and 26 (43%) in the gastric bypass group. The treatment difference provided by gastric bypass on the composite end point was reduced from 30 to 27% and then 19% over the first, second, and third years after randomization. With the individual triple end point components considered as dichotomous variables, statistically significant treatment effects were seen at 36 months for HbA 1c and SBP but not for LDL cholesterol (Table 2) . Thirteen (22%) lifestyle-medical management subjects vs. 35 (58%) in the gastric bypass group obtained HbA 1c ,7.0% (OR 4.9; 95% CI 2.0, 11.7). Thirty (50%) lifestyle-medical management patients and 43 (72%) in the gastric bypass group achieved SBP ,130 mmHg (OR 2.5; 95% CI 1.1, 5.6).
For the lifestyle-medical management group, the mean (SD) percent weight lost (Table 2 and Fig. 2D ) was 7.3% (12.5) at 12 months, 7.3% (14.9) at 24 months, and 6.3% (16.1%) at 36 months. Weight loss in gastric bypass patients was 25.5% (13.5), 23.8% (13.9), and 21.0% (14.5%) at 12, 24, and 36 months, respectively. The two groups' weight loss differed by 14.8% at 36 months (95% CI 11.0, 18.7; P , 0.0001).
Mean (SD) HbA 1c for lifestyle-medical management rose from 7.8% (2.3) at 12 months to 8.6% (3.5) at 36 months. Mean HbA 1c for gastric bypass was 6.4% (1.6) at 12 months and 6.7% (2.0) at 36 months (Table 2 and Fig. 2A ). Twenty-two (36%) subjects randomized to gastric bypass had either full or partial remission at 36 months, including 10 (17%) with full remission and 12 (19%) with partial remission. We observed five gastric bypass subjects who had an HbA 1c ,6.0% and were off diabetes medications at 2 years but not at 36 months and three participants who had an HbA 1c ,6.0% and were off diabetes medications at 36 but not 24 months (Table 3) . Remission of diabetes (either full or partial) was not observed in lifestyle-medical management participants at any time point. Among the eight participants who crossed over from lifestyle-medical management, five did so after the 24-month visit, and of the three earlier crossovers, only one was close to remission.
Gastric bypass participants achieved significantly lower mean SBP and DBP than lifestyle-medical management participants at 3 years (Table 2 and Fig. 2C ). LDL cholesterol levels were not different between groups at 36 months.
At 36 months, gastric bypass was associated with 2.0 (95% CI 1.4, 2.7) fewer medications to manage glycemia, hypertension, and dyslipidemia (Table 2) . This difference was found despite a reduction in glycemic medication among the lifestyle-medical management group from 2.6 (SD 1.8) at 12 months to 2.1 (SD 1.3) at 36 months. Overall, 1 (2%) lifestyle-medical management participant and 8 (14%) gastric bypass participants obtained the triple end point at 36 months without related medications. Insulin was used by 28 (Table 3) , and 5 events occurred in lifestylemedical management and 10 in gastric bypass in that third year. Adding these serious adverse events to the clinically significant events found in the first 24 months yielded a total of 24 reported adverse events in the lifestyle-medical management group and 51 in the gastric bypass group (P = 0.16). The six subjects who crossed over from lifestyle-medical management to surgery had a total of six adverse events; only two (anastomotic leak and abdominal pain) occurred after surgery. Logistic regressions of as-treated data on 101 participants with full data, stratified by site, were used to identify predictors of obtaining the triple end point at 36 months. In univariate analyses, both treatment group and percent weight loss were significant predictors of triple end point success at 36 months (P = 0.02 for treatment group; P = 0.003 for percent weight loss). The best fit multivariate model included percent weight loss, SBP, and LDL cholesterol. Figure 3 illustrates the relationship between weight loss and triple end point attainment using a Loess curve and indicates the strong effect of weight loss among and within both treatment groups. When only baseline variables were included, the best fit model included treatment with surgery as well as SBP and LDL cholesterol.
Analyses were conducted examining predictors of full or partial diabetes remission. Since there were no remissions in the lifestyle-medical management group, the analysis included only the gastric bypass group, and weight loss had limited variability within that group, making it difficult to assess as a predictor in single-arm analyses. In addition, multivariate models could not be fit because of the small number of positive outcomes. Statistically significant univariate predictors of diabetes remission, either full or partial, included baseline values for C-peptide but did not include baseline measures of BMI, HbA 1c , blood pressure, lipids, or duration of diabetes.
Durability of effect may also be evaluated by evaluating variables at 12 months that predict 36-month outcomes. In the gastric bypass group, significant 12-month predictors include lower HbA 1c , not taking oral hypoglycemic medication, lower medication count, lower fasting glucose, and lower percent weight loss in the first year. In the lifestyle-medical management group, low success rate prevented identification of significant predictors. Exploratory analyses revealed that weight regain from 24 to 36 months was associated with higher HbA 1c at 36 months for each treatment group separately and for all patients combined (point estimates ranged from 0.2 to 0.3 increase in HbA 1c per 3% weight regain; all P values #0.04) in models adjusted for 24-month HbA 1c and BMI. No association was found for 12-36 month weight changes. Weight regain between either 12 or 24 months and the 36 month weight was not significantly associated with the 36-month triple end point.
CONCLUSIONS
The DSS tested Roux-en-Y gastric bypass as an adjunct to intensive lifestyle and medical management for obtaining the composite treatment end point in patients with poorly controlled type 2 diabetes. Gastric bypass substantially improved the likelihood of triple end point success at 1 year (13) and 2 years (8), but durability of this effect remains an important question. In these results, gastric bypass significantly improved composite end point attainment at 3 years, but the clinical effect was reduced in both groups over the course of the 3 years. At 36 months, the proportion of gastric bypass patients meeting the triple end point had fallen from nearly half to approximately one-quarter of the participants.
Triple end point goals are more difficult to reach, as each of three dichotomous variables must be simultaneously attained, and multiplying across those variables puts pressure on full achievement of the composite. Even so, it is useful to look at which variables are contributing most to the reduction in triple end point achievement with time, and it appears most associated with reduction in glycemic control. Although there are a substantial number of patients with improved glycemic control, the number of bypass surgery patients with HbA 1c ,7.0% declined from 73% at 1 year to 58% at 3 years. There are indications that deteriorations in glycemic control, especially in the 24-to 36-month interval, are associated with weight regain. Reductions in meeting goals for SBP, 81% to 72%, and LDL cholesterol, 78% to 69%, were less substantial. Since both treatment groups had reductions in triple end point achievement that appeared more prominent between the second and third years, it is possible that transition to usual care and withdrawal of intense medical management reduced impact of the surgical treatment, or the natural history of diabetes may have contributed to the fall off in surgical benefit. Reductions in glycemic control with time from bariatric surgery have previously been seen (11, 21) , but the importance of reduction in treatment effect when considered in the full metabolic portfolio of the triple end point is noteworthy.
In analysis of the first-year experience of the DSS, weight loss was identified as the primary predictor of triple end point achievement (13) . At 3 years, the bestfitting models for predicting triple end point attainment included weight loss or if, using baseline variables only, the decision to add bariatric surgery. Together, these predictive models indicate that the effect of treatment group appears to be mostly due to weight loss. In either case, the other variables in the final models were blood pressure and LDL cholesterol. Notably, we did not find duration of diabetes, C-peptide values, HbA 1c , or BMI to add much to predicting triple end point attainment. More needs to be known about the possibility of additional mechanisms involved in metabolic benefits observed after bariatric surgery (22, 23) , as well as the importance of diabetes duration and severity in determining diabetes outcomes after weight loss or bariatric surgery (21).
Considering the individual components of the primary end point, there were differences between lifestylemedical management and gastric bypass on several measures of glucose control. At 36 months, 22% of patients in the medical group achieved an HbA 1c ,7.0%, while 58% of surgical patients achieved this target. Remission of diabetes has been widely used to judge the efficacy of bariatric surgery. Four randomized studies have reported 2 or more years of data, finding full remission occurring in 25-35% and partial or full remission in 46-70% with gastric bypass (9) (10) (11) 24) . Our rates of 17% full remission and 36% partial or full remission are lower than those studies but similar to the findings of another recently reported study (5) . We observed loss of remission in five participants between 24 and 36 months, while three participants remitted between 24 and 36 months. Relapse of diabetes has been reported in another study among subjects after gastric bypass who were successful in achieving biochemical correction of diabetes at 12 months (HbA 1c ,6.0% without diabetes medications) (11) . Similarly, a large observational study showed recurrence of diabetes in 35% of patients after bariatric surgery (12) . Our analyses using baseline covariates, which by definition could not include weight loss, indicated that only baseline b-cell function, indicated by fasting and stimulated C-peptide, contributed to predicting remission, whereas diabetes duration, BMI, and HbA 1c at baseline did not. This outcome is similar to an analysis of a subset of the DSS in which more complete serum measures were available, which found that baseline C-peptide levels predicted HbA 1c levels at 1 year postrandomization (23 (25) . Based on this analysis, lower remission rates in this study as well as the diminishing benefit on the primary triple end point may relate to baseline b-cell status, more severe diabetes, or other, as yet unidentified, participant factors, since weight loss from surgery is similar across trials. Mean SBP was significantly lower in the surgical group at 3 years, but there was no significant improvement in LDL cholesterol with surgery. In both treatment groups, SBP and LDL cholesterol increased somewhat from their nadir at 12 months. There was an increase in HDL in both groups by 36 months, more so in gastric bypass, consistent with other reports (11) .
At 3 years, the gastric bypass group used half as many medications for control of hyperglycemia, hypertension, and dyslipidemia. This may be interpreted as underscoring the effectiveness of gastric bypass in affecting the underlying biology related to each end point. It may also reflect reluctance on patients' and providers' part to add back medications (26) . It should be noted that need for nutritional supplements in gastric bypass patients means that the total number of daily pills did not decrease.
Serious and clinically significant adverse events were more common in the gastric bypass group compared with the lifestyle-medical management group. The difference in adverse event rates was not statistically significant, despite a large difference in count. The lack of significance may be attributed to clustering within patients. Assessment of the burden of complications remains one of the greatest challenges facing adoption of bariatric surgery as a primary therapy for diabetes. Previous reports of complications from single-site randomized trials have been lower (10, 11) and could reflect different methodology in monitoring adverse events, differences in the treatment protocols, and/or characteristics of the subject population.
Sustained achievement of all three ADA therapeutic targets for patients with diabetes is a daunting task. This study demonstrates that augmenting lifestyle-medical management with gastric bypass significantly improves triple end point attainment, and multivariate analyses showed that either weight loss or assignment to surgery was the most important of predictors of triple end point achievement. Gastric bypass exerts most of its triple end point benefit by significantly improving glycemic control, with modest effect on blood pressure and no effect on LDL cholesterol. Overall, at 3 years, gastric bypass produced significant and sustained weight loss and significantly improved glycemic control, but a minority of participants received the benefit of triple end point attainment or remission of diabetes. Benefits of gastric bypass in management of type 2 diabetes are mainly on improved blood glucose, offset by a higher rate of adverse events. Longer follow-up in this and other studies is greatly needed, as it appears that the benefits of surgery may diminish with time.
